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Summary
Determination of the vertebrate left-right body axis
during embryogenesis results in asymmetric develop-
ment and placement of most inner organs [1, 2]. Al-
though the asymmetric Nodal cascade is conserved
in all vertebrates, the mechanism of symmetry break-
age has remained controversial [3]. In mammalian
and fish embryos, a cilia-driven leftward flow of extra-
cellular fluid is required for initiation of the Nodal cas-
cade. This flow is localized at the posterior notochord
(‘‘node’’) and Kupffer’s vesicle, respectively [4–7]. In
frog and chick embryos, however, molecular asymme-
tries are required earlier, fromcleavagestages through
gastrulation [8, 9]. The validity of a cilia-based mecha-
nism for all vertebrates therefore has been questioned
[3]. Here we show that a cilia-driven leftward flow pre-
cedes asymmetric nodal expression in the frog Xeno-
pus. Motile monocilia emerged on the gastrocoel roof
plate during neurulation and lengthened and polarized
from an initially central position to the posterior pole
of cells. Concomitantly, a robust leftward fluid flow
developed from stage 15 onward, significantly before
asymmetric nodal transcription started in the left-
lateral-plate mesoderm at stage 19. Injection of 1.5%
methylcellulose into the archenteron prevented left-
ward flow and resulted in laterality defects, demon-
strating that theflow itselfwas required for asymmetric
gene expression and organ placement.
Results and Discussion
The amphibian gastrocoel roof plate (GRP) has been
studied in depth by Keller and colleagues [10, 11]. In
Xenopus laevis the GRP represents a transient structure
derived from superficial mesoderm located in the outer
dorsal layer of the blastula; after involution through the
blastopore, these mesodermal cells form an elongated
triangular plate facing the gastrocoel/archenteron from
stage 13–19 (Figure 1B and Figure S1 in the Supplemen-
tal Data available online). We have previously argued
that the GRP represents the functional equivalent of
the mammalian embryo’s posterior notochord (‘‘node’’
in the mouse) and the Kupffer’s vesicle (KV) in teleost
fish embryos because they are bordered by bilateral
nodal expression and comprise monociliated epithelial
*Correspondence: mblum@uni-hohenheim.decells at gastrula/neurula stages [12]. In mice, rabbits, ze-
brafish, and Medaka, cilia are posteriorly tilted such that
their clockwise rotation produces a vectorial leftward
flow across the epithelial-cell sheath [4, 5, 7, 13]. In
mice and zebrafish, the functional relevance of flow for
correct left-right (LR) development has been demon-
strated experimentally and genetically (for recent re-
views, see [2, 14–16]). In order to investigate a possible
role of GRP cilia for LR-axis formation in the frog, we
performed a detailed structural and functional analysis.
At stage 13 no ciliated cells were found on the GRP,
which had just begun to form (not shown). When cilia
first arose on the stage 14 GRP, they were mostly cen-
trally located and between 1–2 mm long (Figures 1C
and 1F). At that stage, not all cells of the GRP were cili-
ated (not shown). About 1 hr later at stage 15, the num-
ber of ciliated cells had doubled to approximately 200,
and the length of individual cilia had increased to an av-
erage of 3 mm (Figure 1F). Close to 40% of cilia were now
polarized to the posterior pole of cells (Figures 1D, 1G,
and 1H). The number of ciliated cells reached a plateau
of 250–270 at around stage 16 (Figure 1E) before a steep
decline from stage 20 onward. This decline was due to
the progressive ingression of outermost presumptive
somitic, central notochordal, and in-between hypochor-
dal cells [11]. The length of cilia levelled off at a value of
about 5 mm, which was reached at stage 18/19 (Fig-
ure 1F). The proportion of posteriorly oriented cilia in-
creased constantly up to stage 18, when a rate of about
60% was reached (Figure 1H). Significant imbalances
were observed with respect to the distribution of polar-
ized cilia along the cranio-caudal as well as lateral ex-
tension of the GRP; beginning at stage 16, central cilia
were predominantly found close to the blastoporus at
the posterior aspect of the GRP and on lateral-most cells
on both sides, whereas posteriorly polarized cilia domi-
nated in the remaining areas of the GRP (Figure 1G; also
Figure S2). Taken together, these data demonstrated an
increase in number, length, and polarization of cilia on
the epithelial cells of the GRP from stage 14–19.
To verify that GRP cilia indeed corresponded to the
LR-relevant cilia of mice and zebrafish, we analyzed ex-
pression of functionally significant markers by using
immunohistochemistry and in situ hybridization of em-
bryos in whole-mounts. The motor protein left-right dy-
nein (LRD) is specifically expressed in and required for
motility of LR-relevant cilia in mice and zebrafish [4, 5,
17, 18]. Loss of LRD function results in immotile cilia,
loss of flow, and laterality defects [4, 5, 18]. An LRD an-
tibody previously used for detection of Xenopus LRD
[19] revealed ciliary localization in the GRP (Figure 2A).
Transcription of the homologous dynein heavy chain
(XDhc) 9 gene [5, 17] showed mRNA localization specif-
ically in GRP cells; such localization was absent in over-
lying notochordal cells (Figures 2E, 2E0, and 2E0 0). Muta-
tions in the mouse inversin gene result in situs inversion
of marker genes and visceral organs [20]. The cilia-
driven fluid flow in mutant embryos was shown to be
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embryos [21].Transgenic mouse embryos harboring an
Inv::GFP transgene demonstrated localization to 9 +
0 monocilia [22]. Immunohistochemistry revealed Inver-
sin localization on Xenopus GRP cilia (Figure 2B). The
ion channel Polycystin-2 localizes to cilia and is required
Figure 1. Characterization of Monocilia on the Gastrocoel Roof
Plate of Xenopus Embryos
(A) Schematic representation of dissection of a neurula frog embryo
at stage 14. Abbreviations are as follows: a, anterior; bp, blastopore;
d, dorsal; l, left; p, posterior; r, right; and v, ventral.
(B) Scanning electron micrograph of stage (st.) 17 explant in which
the gastrocoel roof plate (GRP) is indicated by a dashed line. Please
note the distinct appearance of GRP cells that are organized in a flat
epithelium, are monociliated, and possess a surface area 2.5 times
smaller than that of the neighboring lateral endodermal cells
(LECs). The scale bar represents 50 mm.
(C and D) Central localization of a short cilium at stage 14 (C) and
posterior localization of a long cilium at stage 17 (red arrowheads).
The scale bar represents 10 mm.
(E) The number (6SD) of ciliated GRP cells increases from about 100
at stage 14 to a plateau of 240–270 at stage 16–19.
(F) The length of cilia (6SD) increases from 1.6 mm at stage 14 to 5 mm
at stage 18/19.
(G) Unequal distribution of central (yellow) and posteriorly polarized
(blue) cilia across the GRP from stage 14–19. Cilia that could not be
evaluated are indicated in green. Note that ordered distribution of
polarized cilia starts at stage 15 and that the posterior and lateral
parts of the GRP display mostly central cilia (cf. Figure S2).
(H) Increase in the contingent of polarized cilia over time.for correct LR development in mice and zebrafish [23–
25]. Although the gene showed only low-level expres-
sion in the entire animal hemisphere from early cleavage
stages onward (not shown), the protein was specifically
detected on GRP cilia (Figure 2C). In summary, the
structural and molecular characterization of cilia dem-
onstrated the homology of the GRP to the posterior no-
tochord (‘‘node’’) in mouse and rabbit embryos and to
KV in teleost fish embryos.
We next analyzed whether cilia were motile and pro-
duced a vectorial fluid flow. Initial attempts at directly vi-
sualizing ciliary motility by light microscopy when dorsal
explants were viewed from the top in much the same
way as previously shown in mouse [6], rabbit [7], and
fish [4, 5, 7] embryos failed because of extensive scatter-
ing of polarized light due to the high yolk content of Xen-
opus embryos. Imaging of motile cilia was, however,
possible when transverse sections through the GRP re-
gion were viewed laterally (Figure 2F; also Movie S1).
Cilia rotated in a clockwise fashion; at stage 18 the beat-
ing frequency was in the order of 20–25 Hz and was thus
much higher than that in the mouse (8–14 Hz [7]) or rabbit
(5–9 Hz [7]) but comparable to that in zebrafish (24–28 Hz
[5]). Ciliary beating resulted in leftward fluid flow as seen
by transport of particles, which probably represented
pigment granules or yolk lipid droplets liberated from
damaged cells during explant preparation (Movie S1).
To assess cilia-driven fluid flow across the entire exten-
sion of the GRP, we applied fluorescent beads to dorsal-
explant cultures (cf. Figures 1A and 1B; also Figure S1).
Movie S2 shows leftward transport of beads across the
GRP at stage 17. The directionality of movements is de-
picted in Figure 3A, in which three individual beads were
tracked across the GRP in a frame-by-frame fashion.
Although the principal movement of beads was unequiv-
ocally demonstrated by time-lapse videography and
tracking analysis, the assessment of flow parameters
such as velocity and directionality in a statistically mean-
ingful manner was exceedingly time consuming and thus
not practical.
We therefore developed a semi-automated method
for high-throughput analysis of cilia-driven fluid flow.
The basic principle of this method, which is a custom-
made extension of the open-source image analysis tool
ImageJ (http://rsb.info.nih.gov/ij/), is depicted in Figures
3B–3E and demonstrated in Movie S3 (for details, see the
Supplemental Experimental Procedures). Column B in
Figure 3 shows original frames from a time-lapse se-
quence recorded with two frames/s at time 0 (B0) and
after 10 (B10) and 20 (B20) s, as well as the projection of
a 25 s sequence consisting of 51 original frames on a sin-
gle image (B0–25). In column C of Figure 3, a single bead
was tracked. We processed the raw data by introducing
a threshold to exclude background information and then
adjusted particle size (Figure 3D). In the final step, we
added time information by overlaying a color gradient
such that pixels were colored from green at time 0 (frame
1) to red at 25 s (frame 51), with a gradient of intermediate
colors in between (column E). We term this transforma-
tion of raw data gradient time trail (GTT) because the pro-
jection of a particle describes a trail in time, the progres-
sion of which is reflected by a color gradient. GTTs thus
contain information on both velocity (covered distance,
i.e., length of trail/elapsed time) and directionality (angle
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62Figure 2. GRP Cilia Are Motile and Express LR-Relevant Markers
(A–D) Immunohistochemical analysis of dorsal explants at stage 18. Double labeling for acetylated tubulin (red; Sigma) and (in green) LRD (A) [19],
Inversin (B) [19], and Polycystin-2 (C) [40]. Control staining with secondary goat anti-rabbit antibody (Alexa Fluor 488, Invitrogen) is shown in (D).
Staining followed standard procedures.
(E) In situ hybridization with a probe specific forXDhc9 at stage 18. Histological sagittal (E0) and transverse (E0 0) embryo sections stained in whole-
mount at stage 18 (planes of sections are indicated in [E]) reveal specific transcripts in GRP cells but not in the overlying notochord (no).
(F) Time-lapse images of beating cilium at stage 18; A side view is shown. Top row: Four consecutive frames of time-lapse sequence offset by
0.015 s (s; cf. Movie S1). Bottom row: The cilium is outlined, and the clockwise vector of movement is indicated in blue.
Abbreviations are as follows: a, anterior; bp, blastopore; d, dorsal; l, left; p, posterior; r, right; and v, ventral.of best-fit straight line of any given trail). In addition, we
assembled time-lapse movies by offsetting individual
25 s projections by 4.5 s each, such that an original se-
quence of 250 s after these successive transformations
yielded a 3.75 s movie sequence with GTT information
(i.e., played at 603 real time).
To analyze the development and dynamic changes of
flow over the approximately 5 hr between GRP appear-
ance at stage 14 and stage 20, when GRP cells disap-
pear by ingression into the underlying mesoderm [11],
we performed GTT analysis on explants taken during
this critical time window. At stage 14 only Brownian
movement was observed, both over the area of the
GRP and over the lateral endodermal cells (LECs) on ei-
ther side (Figure 3F and Movie S4). Stages 15 and 16
were indistinguishable based on flow characteristics,
i.e., leftward flow was observed throughout (Figure 3G
and Movie S5). Clockwise circular patterns indicated
direct acceleration by rotating cilia (cf. Figures 3C and
3E). Thus, the clockwise rotational mode, although not
directly visible when viewed from above, could be de-
duced from the patterns of GTT progression across
the GRP as well (white arrowheads in Figure 3G and
Movie S5). Circular patterns were probably caused by
nonpolarized cilia, which at stage 15/16 still constituted
45%–50% of the cilia population, whereas their propor-
tion dropped below 35% at stage 17/18 (Figure 1H). By
stages 17/18 a robust leftward flow in which circular pat-
terns were rarely observed had developed (Figure 3H
and Movie S6). Beads apparently were pulled into the
GRP at the right margin and vigorously moved out of
the GRP at the left margin such that wide-stretched
GTTs were observed on LECs immediately borderingthe GRP on either side (arrowheads in Figure 3H). By
stage 19/20 leftward flow was still detectable but had
slowed down and had in part become turbulent (Figure 3I
and Movie S7). Later stages were not analyzed because
ingression of cells resulted in progressive reduction of
GRP size and disappearance by stage 21/22 (Figure S1
and [11]) and because nodal transcription in the left-
lateral-plate mesoderm (l-LPM) starts at around stage
19 [26].
Next we analyzed velocity and directionality of cilia-
driven fluid flow at different stages (Figure S3). In total,
5517 particles were analyzed from GTT movies gener-
ated from 33 dorsal explants. At stage 14, when Brow-
nian movement was dominant, no differences in mean
velocities were observed between GRP and neighboring
LECs, and beads moved at about 0.5 mm/s (Figure S3A).
The onset of directional flow at stage 15/16 (Figure 3;
see also Figure S3B) was accompanied by average
velocities of 3.5 mm/s at the GRP (Figure S3A). Velocities
increased during stages 17/18 to slightly more than
4 mm/s, before a drop to around 3 mm/s was observed
at stage 19/20 (Figure S3A). The differences in mean
flow velocities between GRP and LECs were statistically
very highly significant from stage 15–20 (p < 1025).
We assessed the directionality of flow from stages 14–
20 by calculating lines of best fit of GTTs and analyzed
the proportion of beads being transported within angles
of 45 (Figure S3B). Although significant directionalities
were not registered over left or right LECs, the percent-
age of beads with a straight leftward movement reached
45%–50% between stages 15 and 18. Of the remaining
beads, about half were diverted into an anterior-left or
posterior-left direction each. The situation was slightly
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63Figure 3. Leftward Cilia-Driven Fluid Flow
across the GRP in the Frog Xenopus
GTT analysis of flow by assessment of parti-
cle movement in dorsal explants in vitro.
(A) Bright-field view of stage (st.) 17 explant.
GRP outlined by dashed line. Frame-by-
frame tracks of three individual beads are
indicated in blue. The scale bar represents
50 mm.
(B–E) GTT data processing. Analysis of flow
by stepwise processing of raw imaging
data. An identical particle is indicated by
blue arrowheads in panels (B), (D), and (E).
(B) Single frames at 0 s (B0), 10 s (B10), and 20
s (B20) and collapse of 51 consecutive frames
representing 25 s into one image (B0–25).
(C) Exemplary frame-by-frame tracking of
a single particle. Note the circular track that
appears in (C20) and reflects clockwise rota-
tion of the cilium.
(D) Normalized sequence after image pro-
cessing. Note the equal size of the particles.
(E) Gradient time trails (GTT). Timing informa-
tion is added through assignment of a color
gradient ranging from green (time 0 s) to red
(time 25 s).
(F–I) GTT analysis of particle movement at the
GRP and LECs at stages 14 (F), 15 (G), 17 (H),
and 19 (I). Arrowheads in (G) indicate turbu-
lent clockwise accelerations of beads. Arrow-
heads in (H) highlight particles pulled into the
GRP at the right margin (white) and rapidly
moved onto the LECs at the left margin
(blue). The color-gradient bar in (H) repre-
sents 25 s; the scale bar in (I) represents
50 mm.
Abbreviations are as follows: a, anterior; bp,
blastopore; l, left; LEC, lateral endodermal
cells; p, posterior; and r, right.different at stage 19/20, when about 35% of beads
moved leftward and anterior-leftward each, and less
than 10% were directed to the posterior-left (Fig-
ure S3B). Taken together, these data show that the
leftward directionality corresponded well with the re-
spective velocities at the different stages analyzed. In
addition, two striking correlations were observed be-
tween flow and cilia: (1) Directional flow only developed
when about half of cilia were polarized posteriorly; and
(2) vectorial flow occurred in the GRP subregions where
polarized cilia were located, i.e., flow was much less
pronounced close to the blastopore, where cilia were
predominantly found in a central position (cf. Figure 1G,
Figure S2, and Movie S5).
A comparison of fluid-flow parameters of the mouse,
where cilia-driven fluid flow has been most intenselystudied [2, 6, 7, 13–15], to that in Xenopus revealed com-
mon characteristics regarding cilia length (around 5 mm
each, Figure 1F and [27]) and number of ciliated cells
(200–300 in the mouse [16] and 240–270 in Xenopus,
Figure 1E), but also two conspicuous differences. On
the one hand, velocities recorded throughout flow
stages in the frog, where such velocities ranged from
2–6 mm/s, were about 10-fold below the values de-
scribed for the mouse (20–50 mm/s), despite comparable
cilia length and much higher ciliary-beat frequencies. A
possible explanation may be that the surface areas of
cilia-bearing cells in frog embryos are significantly larger
compared to those in mouse embryos, resulting in
a much less dense field of cilia in Xenopus. On the other
hand, the distance covered by leftward flow, which at
the posterior pole of the GRP was relatively constant
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(A) Experimental set-up. Control buffer or methylcellulose (MC) dissolved in buffer was injected with a hypodermic needle into the archenteron
close to the GRP (indicated in light green) of neurula-stage embryos. Embryos were cultured to stages 22–34 for marker-gene analysis by whole-
mount in situ hybridization or to stage 45 for assessment of organ situs.
(B and C) Expression patterns of nodal (B) and Pitx2 (C) in buffer- (co) and MC-injected (MC) specimens.
(D) Situs solitus (ss) in control-injected (left) and situs inversion (si) and heterotaxia (ht) in MC-injected tadpoles. Gut coiling (indicated by red
dashed arrows) and positioning of the gall bladder (white arrows) are shown by autofluorescence in the top row; the direction of heart looping
is highlighted by red asterisks outlining ventricle and outflow tract in the bottom row. Only embryos with a dorsal-anterior index of 5 were scored.
(E) Summary of laterality defects in 12 MC-injection experiments with 331 control- and 458 MC-injected embryos (cf. Tables S1 and S2).
Abbreviations are as follows: a, anterior; bp, blastopore; d, dorsal; l, left; p, posterior; r, right; and v, ventral.at 240 mm in frog embryos from stage 15–19, was about
4-fold wider than that in mouse embryos. Consequently,
the dimensionless Reynolds number, which serves as a
means for characterizing fluid-flow patterns, was almost
identical in frogs and mice at about 1023, indicating
comparable physical conditions in both systems. Taken
together, these results indicate that Xenopus embryos,
like mouse and zebrafish embryos, display a cilia-driven
fluid flow at comparable developmental stages, in ho-
mologous embryological tissues, and—most notably—
in all cases very briefly (within about 2 hr) before theinduction of asymmetric nodal transcription in the
l-LPM.
In mice and zebrafish, genetic and transgenic studies
have strongly suggested that the flow was necessary
and sufficient to induce the Nodal cascade in the l-
LPM [2, 4–6, 13, 15, 21, 28]. Our finding of flow in Xeno-
pus afforded the opportunity of testing whether blocking
flow at defined time points in vivo in otherwise wild-type
embryos would produce functional consequences for
LR development. Pilot experiments showed that treat-
ment of dorsal explants with methylcellulose (MC) at
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tional flow, whereas 0.5% MC had no effect (Movie S8,
Table S1, and data not shown). Interestingly, local circu-
lar particle acceleration was occasionally still observed
(Movie S8). Ciliary motility thus was not fully arrested
(if at all), but beads that were moved locally by a given
cilium did not proceed within the reach of cilia on adja-
cent cells. The design of in vivo experiments to block
flow is depicted in Figure 4A. Buffer or MC dissolved in
buffer was injected directly into the archenteron close
to the GRP between stages 14 and 20, and embryos
were cultured until stage 22–34 for marker analysis or
to stage 45 for assessment of organ situs (Figure 4). A
total of 1590 embryos derived from 15 injection experi-
ments were analyzed for organ situs (Table S1), and
1155 embryos from 15 experiments were analyzed for
marker-gene expression (summarized in Table S2). In-
jections from stage 14–18 resulted in statistically very
highly significant proportions of embryos with laterality
defects (458 MC-injected and 331 control embryos,
p < 1025; Figures 4D and 4E and Tables S1 and S2), re-
gardless of whether injections were performed through
the left or right flank of the embryo (not shown). Re-
presentative examples are shown in Figures 4B–4D.
Whereas nodal was expressed in its normal left LPM
domain in 75/82 control-injected embryos, 56/156 MC-
injected specimens lacked nodal signals in the LPM
(Figure 4B). Equivalent results were obtained for Pitx2:
107/110 control-injected embryos showed wild-type ex-
pression, whereas 89/198 MC-injected tadpoles lacked
Pitx2 transcript in the LPM (Figure 4C). Interestingly, em-
bryos with bilateral expression of markers (8/156 nodal,
5/198 Pitx2) or right-only transcription (2/156 nodal,
4/198Pitx2) were very rarely encountered in MC-injected
specimens (Table S2); this result was quite distinct
from expression patterns in mouse, frog, and zebrafish
embryos, which most frequently show randomized
gene-expression patterns after genetic manipulations
of ciliary LR-pathway components [1, 3, 29]. Analysis of
organ situs revealed a rate of 8% of concordant situs in-
version and 33% of heterotaxia (Figures 4D and 4E and
Table S1). When MC was injected at stage 19/20, low fre-
quencies of heterotaxia, situs inversion, and altered
marker-gene expression were still recorded, but these
were statistically not significant (Tables S1 and S2). Sim-
ilarly, injection of 0.5% MC during stages 15–18 had no
significant effects on organ situs or marker genes (Ta-
bles S1 and S2). Inhibition of cilia-driven leftward flow
thus resulted in laterality defects only at stages in which
a strong directional flow across the GRP was observed
by GTT analysis, i.e., from stage 15–18 (cf. Figure S3
and Movies S5 and S6).
In summary, the present study demonstrates that
a transient cilia-driven leftward flow across the gastro-
coel roof plate of Xenopus embryos at neurula stages
is required for subsequent asymmetric induction of
the Nodal cascade in the left-lateral-plate mesoderm
and development of correct organ situs. Because Xeno-
pus embryos display much earlier functionally relevant
asymmetries, such as asymmetric localization of ion
channels and serotonin [8, 9, 30] and asymmetric func-
tions of gap junctional communications [31] and synde-
can-2 phosphorylation [32, 33], during cleavage stages
it will be important to investigate whether and how theseevents are connected to the flow at later stages. They
might, for example, be required for the development of
a functional flow at the GRP. Alternatively, they could
act in parallel pathways. The power of manipulative
techniques in Xenopus should allow for straightforward
testing of either possibility. The finding of leftward flow
in the amphibian embryo, together with the previous
demonstration of flow in fish and mammalian embryos
[4–6], implies that the common ancestor of the verte-
brates already exhibited this conserved embryological
feature. It will thus be interesting to search for vectorial
cilia-driven flow in lower chordates and even echino-
derms, particularly because asymmetric Nodal signaling
has previously been described in amphioxus, sea
squirts, and sea urchins [34–39]. Our semi-automated
GTT analysis might facilitate the detection of flow in
these organisms and might also be helpful in analyzing
chick embryos, in which no flow has been described
so far [3] but which—based on evolutionary consider-
ations—could possess this conserved module as well.
Supplemental Data
Supplemental Data include eight movies, two tables, three figures,
and Experimental Procedures and can be found online at http://
www.current-biology.com/cgi/content/full/17/1/60/DC1/.
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